The impact of nutritional factors on insect's life-history traits such as reproduction and 25 lifespan has been excessively examined; however, nutritional determinant of insect's thermal 26 tolerance has not received a lot of attention. Dietary live yeast represents a prominent source 27 of proteins and amino acids for laboratory-reared drosophilids. In this study, Drosophila 28 melanogaster adults were fed on diets supplemented or not with live yeast. We hypothesized 29 that manipulating nutritional conditions through live yeast supplementation would translate 30 into altered physiology and stress tolerance. We verified how live yeast supplementation 31 affected body mass characteristics, total lipids and proteins, metabolic profiles and cold 32 tolerance (acute and chronic stress). Females fed with live yeast had increased body mass and 33 contained more lipids and proteins. Using GC/MS profiling, we found distinct metabolic 34 fingerprints according to nutritional conditions. Metabolite pathway enrichment analysis 35 corroborated that live yeast supplementation was associated with amino acid and protein 36 biosyntheses. The cold assays revealed that the presence of dietary live yeast greatly 37 promoted cold tolerance. Hence, this study conclusively demonstrates a significant interaction 38 between nutritional conditions and thermal tolerance. 39 40 41 42 43 44 45 46 47 48 49 50 51 52 3
diets were changed every day for six consecutive days. Two different experiments were used 138 to assess the effect of adult dietary live yeast supplementation (see Fig. 1 for experimental 139 design). In the first experiment, emerging flies did not have any nutrient supply except from sugar. It 147 is thus conceivable that these flies could suffer from malnutrition. Therefore, a second 148 6 experiment was designed with a standard diet as control that contains protein supply [SAY (-) ] 149 rather than a minimal diet [SA] , in order to assess the effect of dietary live yeast 150 supplementation without any putative malnutrition. In both experiments, the amounts of 151 sugar, agar and killed yeast when supplied were 50 g/L, 15 g/L and 80 g/L respectively. When 152 supplemented, the live yeast was provided with ad libitum paste placed on the surface of the 153 food [i.e. for SAY(+) and SAY(±)]. We used synchronized six day-old adults for all assays to 154 avoid the uncontrolled variation of stress tolerance during the first days of age (Colinet et al., 155 2013b). Adults were sexed visually (with an aspirator) without CO 2 to avoid any confusing 156 metabolic effects due to anaesthesia (Colinet and Renault, 2012) , and only females were kept.
157
Six day-old females from each nutritional group were either directly used for the cold assays 158 or snap-frozen in liquid nitrogen and stored at -80 °C for the other assays. 
2.2.
Body mass and protein levels 161 We assessed total protein content using the Bradford procedure (Bradford, 1976 the gut content, we included an additional treatment where flies were starved before sampling.
206
In this experiment 3 (conducted in 2013), the same flies as in the experiment 2 were starved 207 for 8 h on agar before their metabolic profiles were compared. Hence, we compared the 208 8 following conditions: sugar, agar, killed yeast, plus 8h starvation (St-SAY-) versus sugar, 209 agar, killed yeast and live yeast, plus 8h starvation (St-SAY±) (see Fig. 1 ). °C min -1 , from 280 to 320 °C at 15 °C min -1 , and then, the oven remained at 320 °C for 4 min. 226 We completely randomized the injection order of the samples. All samples were run under the 227 SIM mode rather than the full-scan mode. We therefore only screened for the 63 pure Concerning cold tolerance, we found that CCR significantly varied between the two 292 nutritional groups of the experiment 1, with females fed on SAY(+) diet recovering faster 293 than females fed on SA diet (Fig. 3) . This difference manifested for all the durations of cold 294 stress that were tested in the experiment 1 (8h: Chi² = 19.17, df = 1, P < 0.001; 10 h: Chi² = 295 16.29, df = 1, P < 0.001; 12 h: Chi² = 14.65, df = 1, P < 0.001; n = 50). Survival after chronic 296 cold stress was also affected by nutritional regime. For all the durations of cold stress at 0 °C 297 (8, 10 and 12 h), the post-stress mortality was significantly lower when females fed on 298 SAY(+) diet compared to SA diet (8 h: Chi² = 21.23, df = 1, P < 0.001; 10 h: Chi² = 19.10, df 299 = 1, P < 0.001; 12 h: Chi² = 21.23, df = 1, P < 0.001; n = 50) ( Fig. 3) . Finally, the acute cold 300 tolerance also varied with the nutritional regimes of the experiment 1 ( Fig. 3) . For all the 301 durations of cold stress at -3.5 °C (90, 120 and 135 h), the post-stress mortality was 302 significantly lower when females fed on SAY(+) diet compared to SA diet (90 min: Chi² 303 11 =39.61, df = 1, P < 0.001; 120 min: Chi² =35.57, df = 1, P < 0.001; 135 min: Chi² =17.56, df = 304 1, P < 0.001; n = 100).
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The cold tolerance of the flies from the experiment 2 was also affected by the 306 nutritional treatments; however, this was not manifested on CCR. Females feeding on SAY(-) 307 and SAY(±) recovered from chronic cold stress with similar temporal dynamics (10 h: Chi² = 308 2.55, df = 1, P = 0.10; 12 h: Chi² = 1.01, df = 1, P = 0.31; n = 50) ( Fig. 4) . On the other hand, The metabolic profiles of flies from experiment 1 showed that a number of metabolites 320 had their concentrations affected by dietary live yeast, which resulted in contrasted 321 metabotypes between the two nutritional groups (Fig. 5) . A clear-cut separation was observed 322 along the first principal component (PC1) of the PCA, which accounted for 43.9% of the total 323 inertia ( Fig. 5) . GDL, Fru, Glc, Tre and sorbitol were the molecules the most positively 324 correlated to PC1 (i.e. accumulated in SA flies), whereas on the opposite side, the amino acids 325 Val, Ile, Leu, Thr, Gly, Phe and Glu were the molecules the most negatively correlated to PC1 326 (i.e. accumulated in SAY(+) flies) (Fig. 5) . The other principal components accounted for 327 28.4% (PC2) and 11.3% (PC3) of the total inertia and mainly represented within-treatment 328 variations. MPEA based on the metabolites that were positively correlated to PC1 revealed 329 three enriched metabolic pathways (Holm adjust P < 0.05), and all were directly involved in 330 carbohydrate metabolism. MPEA based on all the metabolites that were negatively correlated 331 to PC1 revealed three enriched metabolic pathways; all were directly involved in amino acids 332 and protein biosynthesis (see Dataset S1 for detailed concentrations and fold changes). were the most negatively correlated metabolites to PC1 (i.e. accumulated in SAY(±) flies) 338 (Fig. 6) . The other principal components accounted for 31.6% (PC2) and 6.4% (PC3) of the 339 total inertia and mainly represented within-treatment variations. MPEA also revealed that that were the most negatively correlated to PC1 (i.e. accumulated in SAY(±) flies) (Fig. 7) . The vitamins, and fatty acids (Davis, 1975; Anagnostou et al., 2010) . We assumed that removing 361 or adding live yeast from adult food at eclosion would be associated with physiological 362 remodelling that would subsequently affect fitness-related traits such as body size and stress 363 tolerance. In the present study, we completed a comprehensive assessment of the impact of 364 13 dietary live yeast supplementation on body mass characteristics, stored proteins, metabolic 365 profiles and basal cold tolerance (to acute and chronic exposures) in D. melanogaster females. 366 We expected body mass parameters to be affected by dietary live yeast 367 supplementation. Indeed, the body mass of the flies is known to reflect protein level in food, was observed for the protein content. This suggests that feeding on a diet that contains killed 384 yeast [SAY(-)] provides proteins to the flies, but feeding on a diet that also contains live yeast 385 provides additional amounts of proteins. Storage of proteins is largely independent of dietary 386 carbohydrates but is almost exclusively determined by the presence and concentration of yeast 387 in the medium (Skorupa et al., 2008) . Our data corroborate this idea.
388
A way in which insects deal with nutrient variations is through altered physiology, 389 namely by affecting developmental and metabolic processes (Markow et al., 1999) . Therefore, 390 we assumed that manipulating the adult food (via live yeast supplementation) would be 391 associated with physiological changes that would translate into contrasted metabolic profiles 392 between nutritional groups. We have conclusively shown that a number of metabolites had whereas amino acid amounts (Val, Ile, Leu, Thr, Gly, Phe and Glu) were more abundant in 398 the live yeast-supplemented groups. The fact that the relative abundance of sugars was higher 399 in SA metabotype is not surprising, as these flies were fed on a minimal diet with no access to 400 any source of proteins from adult eclosion. For the flies fed on SAY(-) and St-SAY(-) diets, 401 the increased levels of sugars likely translates that these diets were proportionally richer in 402 sugar than the corresponding live yeast-supplemented diets. We also found that GDL, sorbitol profiles between the live yeast-supplemented and the control groups may also be partly due to 421 different food intake and thus incorporation of nutrients. Indeed, food intake increases with 422 concentration of dietary yeast in D. melanogaster (Min and Tara, 2006) . The fact that 423 metabolic patterns were consistent among experiments suggest that (i) live yeast promotes 424 amino acids biosynthesis even when the flies are already fed with killed yeast, and (ii) that 425 differences observed were not related to presence/absence of live yeast in the gut content.
426
Many insect species feed on yeasts and the effects of this nutritional resource on the 427 growth, fecundity and survival has been demonstrated in a wide range of species (e.g. and Fogleman, 1986; Ganter 2006; Anagnostou et al. 2010) . In spite of this, there is 429 limited information on nutrition-mediated variations in stress tolerance in insects, and more was previously found in D. melanogaster that the level of glycogen, triglycerides, and total 462 proteins was higher in cold-selected than in control lines (Chen and Walker, 1994) . The 463 same authors also noted that these levels quickly decreased 24 h after a cold stress and 464 suggested that higher storage of energy reserves entails increased cold tolerance of cold-465 selected lines. Thus, the higher energy reserves of the live yeast-supplemented flies may 466 explain why cold survival (assessed after 24 h) was higher in this nutritional group.
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Starmer
467
Stressful conditions are known to critically increase energy expenditure because the 468 repairing mechanisms require excess of energy (Parsons, 1991) . We suggest that in nutrient- 
